Introduction
The collisions between metal nanoparticles and an inert electrode held at a suitably oxidising potential such that the nanoparticle becomes completely oxidised have been shown to be a valuable source of information via the method of anodic particle coulometry (APC): quantities such as size distributions, concentrations, degree of aggregation, and nanoparticle identity have been shown to be obtainable. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Very recently, we have been able to show that by considering both partial and full oxidation of the nanoparticles, the charge transfer kinetics of the oxidation of the metal nanoparticles can also be determined by this method. 11 In this paper we investigate the behaviour of both silver and nickel nanoparticles (AgNPs and NiNPs) in collision with carbon electrodes using APC, to extract quantitative information on their charge transfer kinetics.
Experimental
Nickel nanoparticles (NiNPs) of mean radii 26 nm were purchased from Nanostructured & Amorphous Materials, Inc. (Houston, Texas, USA), and have a NiO shell of between 2 and 8 nm thick. 12 Citrate-capped AgNPs of mean radius 13 AE 2 nm were synthesized according to the method of Pyatenko et al. 13, 14 NP sizes were confirmed via APC and SEM imaging. Sodium perchlorate ( Z 98%, NaClO 4 ), sodium dihydrogen citrate (NaC 6 O 7 H 7 , >99.5%), and potassium chloride (>99.5% Riedel-de-Haan) were supplied by Sigma-Aldrich and used as received. Perchloric acid (70%, HClO 4 ) was purchased from Fisher Chemicals. All solutions were made using ultrapure water of resistivity not less than 18.2 MO cm at 298 K (Millipore). NiNPs suspensions were obtained by adding 1.0 g L À1 of NPs to deaerated ultrapure water.
Prior to adding aliquots to the electrochemical cell, the suspensions were thoroughly dispersed by sonication for several minutes. Experiments were conducted within a double faraday cage using a mAutolab III (Metrohm-Autolab BV, Utrecht, Netherlands) and a three electrode arrangement. The working electrode used in this study was a carbon fibre microelectrode (BASi Inc, Stareton, Warks., UK) of radius 6.9 mm. A saturated calomel reference electrode (SCE, Radiometer Ltd, Crawley, UK) was used, Results and discussion
Charge transfer kinetics of AgNPs
The APC of AgNPs has been reported previously. 7, 10 A carbon fibre microelectrode (radius 6.9 mm) was placed in a degassed citrate solution and a known concentration of pre-dispersed AgNPs was added. The average size of the single AgNP had previously been determined to be 13 AE 2 nm (corresponding to ca. 6 Â 10 5 atoms), and due to aggregation effects the average radius of a AgNP cluster over the timescale of the chronoamperometric experiments was 28 nm. 10 The electrode potential was held at +0.5 V (relative to saturated Ag/AgCl) beyond the onset potential for impact spikes, 7 according to the process
Several chronoamperograms were recorded at this electrode potential such that more than 250 impact spikes were obtained. This was repeated at a range of potentials from 0.0 to 0.8 V (vs. SCE). The chronoamperograms were analysed according to our published procedure 7 to obtain the charge passed under each impact spike. Fig. 1 shows how the average charge per impact varies with electrode potential.
We then analysed these data according to the theoretical results recently developed for fully reversible and irreversible charge transfer kinetics during oxidative particle impacts. 11 During the oxidation of the metal NP, the charge passed will be given by
where n is the number of electrons transferred per atom, r is the bulk metal density, F the Faraday constant, M the relative atomic mass, r i the initial NP radius and r f the final NP radius. Here the 'final radius' means the radius when the NP leaves the vicinity of the electrode after collision such that no further electro-oxidation occurs. Clearly if the electrode potential is positive enough, the NP will be completely oxidised and r f =0.
For the case of fully reversible charge transfer (fast electrode kinetics relative to mass transport) it is found that
and
For fully irreversible charge transfer (slow electrode kinetics), the analogous relations are:
In the above equation, E 0 f is the formal potential, E 1/2 is the 'halfwave potential' the potential at which the impact oxidation charge is half that of the maximum charge (i.e. corresponding to oxidation of half of the atoms in the NP), n 0 is the number of electrons transferred before the rate determining step (so n 0 = 0 for a 1 electron oxidation and 0 or 1 for a 2-electron process), 16 Fig . 1 The variation of average spike height (i.e. peak current) with potential for the APC experiment of AgNPs ('), and fit of data with eqn (3) (-) with r = 3 nm and t L = 20 ms.
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Prof. Richard G. Compton and t L is the duration of the NP-electrode contact. Fig. 1 shows the comparison of eqn (3) with the experimental data, using the literature value for E 0 f (Ag/Ag + ) = +0.559 V vs. SCE. 15 From this figure it is clear that eqn (3) provides an excellent fit to the data with no adjustable parameters and from this we infer that the oxidation of AgNPs displays fast (i.e. reversible) electron transfer. The predicted behaviour for irreversible electrode kinetics given by eqn (5) lies towards more positive potentials than that of reversible kinetics described by eqn (3). It can be seen in Fig. 1 that E 1/2 o E 0 f , which is caused by the size effect on E 1/2 and that the nanoparticle dissolves as the measurement proceeds. 11 In this case E 0 f is the same as that of bulk Ag, therefore there is no nanoeffect.
We believe that this single nanoparticle approach may be more straightforward for the extraction of thermodynamic and kinetic data than other recently developed methods to study the electro-oxidation of silver nanoparticles.
17,18

Charge transfer kinetics of NiNPs
First a cyclic voltammogram was recorded at a NiNP-modified glassy carbon macroelectrode (radius 1 mm) to verify the oxidation potential (see Fig. 2a ). There are no oxidative features until the onset of anodic dissolution at +1.4 V (vs. SCE) which is consistent with the presence of the layer of surface NiO. The oxidation of NiO then occurs [19] [20] [21] [22] [23] forming the soluble NiO 2 .
24 Voltammetry conducted at a Ni rod (diameter 12 mm) is consistent with this, showing oxide formation followed by continuous dissolution at potentials above +1.5 V (vs. SCE) (Fig. 2b) . On this basis we postulate that NiO 2 dissolves rapidly oxidising the underlying Ni to NiO, possibly according to the following mechanism:
That is, overall
Analogous experiments were then conducted with NiNPs (mean radii 26 nm) which have previously been shown to undergo a 2 electron oxidation (and dissolution) at potentials more positive than +1.5 V (vs. SCE) with no significant aggregation over experimental times. The NiNPs were dispersed in a solution of 10 mM HClO 4 and 100 mM NaClO 4 , and added to the cell with the carbon fibre microelectrode, and reference (SCE) and counter electrodes. The working electrode was potentiostatted at a range of potentials from +1.4 V to +1.8 V and chronoamperograms recorded. As before, oxidative impact spikes were observed from ca. +1.55 V and above. Fig. 3a shows the variation in the average charge passed per impact spike with potential.
By applying eqn (3) and (5) as shown in Fig. 3b , the literature value for E 0 f {NiO/NiO 2 } = +1.75 V (vs. SCE) 15 has been used corrected for pH, yielding a good fit with eqn (4) for irreversible 2 electron oxidation with (n 0 + b) = 1.50 and k 0 = 5 Â 10 À4 mol cm À2 s À1 .
Conclusions
The charge transfer kinetics have been determined for the oxidative dissolution of AgNPs and NiNPs via analysis of the APC experimental methodology, with the former displaying reversible (fast) kinetics, and the latter irreversible (slow) kinetics with (n 0 + b) = 1.50 and k 0 = 5 Â 10 À4 mol cm À2 s
À1
. We anticipate that this will have application in the wider research into metal nanoparticles, 25, 26 given the advantages of measuring kinetics on individual nanoparticles such as the removal of the requirements of modelling the complex mass transport regime operating with large numbers of deposited nanoparticles.
